Abstract: Eligibility for liver transplant is most commonly decided by measuring tumor size and number on radiographic imaging. However, this method often underestimates the extent of disease. Evaluation of tumor histology has been shown to improve risk stratification when compared with imaging-based transplant criteria, but the World Health Organization (WHO) guidelines for grading hepatocellular carcinoma (HCC) are imprecise and require subjective interpretation by the pathologist. We performed a retrospective analysis of 190 explanted livers containing HCC and correlated histologic features with posttransplant recurrence to formulate a three-tiered, point-based scoring system that categorizes tumors as having a low, intermediate, or high risk of recurrence. Our Recurrence Risk Assessment Score (RRAS) evaluates tumor architecture and specific cytologic features-nuclear pleomorphism, cytoplasmic amphophilia, and nuclear-to-cytoplasmic ratio-showing superior stratification of HCC recurrence risk compared with imaging criteria and grade assigned by WHO methodology. Stratifying tumors using RRAS criteria, the rate of recurrence after transplant was 0% among low-risk tumors (compared with 3% of well-differentiated tumors), 12% among intermediate-risk tumors (compared with 15% of moderately differentiated tumors), and 54% among high-risk tumors (compared with 29% of poorly differentiated tumors). Receiver operating characteristic analysis shows significantly improved performance of RRAS criteria in predicting HCC recurrence compared with WHO grade (area under curve of 0.841 and 0.671, respectively; P = 0.0061). Our results indicate that evaluation of tumor histology offers superior prediction of recurrence risk following liver transplantation compared with radiographic criteria, and that the RRAS system better stratifies recurrence risk compared with HCC grading by WHO methodology.
L
iver transplantation is an increasingly common therapeutic option for patients with hepatocellular carcinoma (HCC). [1] [2] [3] [4] [5] Before 2002, fewer than 5% of liver transplants were performed for HCC; that number has now risen to 20%. 6, 7 The most widely used criteria to determine transplant eligibility rely on radiographic measurement of tumor size and number. This method of preoperative risk stratification was first validated by Mazzaferro et al, 1 which established what became known as the Milan criteria. Since then, various modifications to the original Milan system have been proposed-examples include the University of California, San Francisco (UCSF) and "up-to-seven" criteria-but all commonly used selection methods share a fundamental reliance on radiographic measurements. [3] [4] [5] 8 In common practice, masses arising within a cirrhotic liver are presumed to be HCC when characteristic imaging findings are identified, 9 and are treated accordingly without biopsy confirmation. However, a review of United Network for Organ Sharing (UNOS) data found that 31% of patients transplanted for a small HCC lesion (less than 1.9 cm) had been misdiagnosed on imaging and showed no evidence of viable or treated HCC in the explant. 10 Furthermore, there is limited data evaluating recent imaging performance, as the American Association for the Study of Liver Diseases (AASLD) and European Association for the Study of the Liver (EASL) have eliminated the requirement for tissue diagnosis in tumors that arise in cirrhotic livers and in the setting of chronic hepatitis B. 11 Since the introduction of the Milan criteria, it has been known that the radiographic measures of tumor size and number are often discordant with measurements taken on gross evaluation. Multiple studies have reported that imaging-based selection criteria yield incorrect patient classification in 15% to 30% of transplant recipients, once preoperative tumor measurements are reconciled with gross examination of the explant. 1, 5, 10, 12, 13 Small HCC lesions are frequently inapparent on preoperative imaging, and significant disagreement on tumor size is common.
Recently, multiple studies have found that histologic differentiation is a better predictor of tumor recurrence following transplantation when compared with radiographic methods of risk stratification. 2, [14] [15] [16] However, current World Health Organization (WHO) guidelines for grading HCC rely on a subjective interpretation of tumor characteristics without precisely defined histologic criteria, 17 ultimately requiring the pathologist to integrate a variable number of features into a single impression. The absence of firm-grading parameters has led to a low level of agreement between pathologists. 18 In this study, we analyzed specific histologic variables in HCC-containing liver explants and correlated these findings with tumor recurrence following transplantation. We then used these features to develop a point-based scoring system that better stratifies HCC recurrence risk compared with both imaging-based transplant criteria and current WHO tumor grading methodology.
MATERIALS AND METHODS

Patient Selection
Spanning 1997 to 2014, 1061 liver transplants were performed at University of California, San Francisco Medical Center. Three hundred fifty-one explanted livers contained HCC, including 5 cases of mixed HCC-cholangiocarcinoma that were excluded from our analysis. Of the remaining cases, 190 had adequate follow-up and accessible formalin-fixed paraffin-embedded tissue blocks for histologic analysis. Within this group, 184 had available preoperative imaging reports.
The median follow-up time was 6.9 years, ranging from 52 days to 19.7 years. Clinical and radiologic information were obtained from the electronic medical record. Collected data included imaging reports, progress notes, pathology reports, intrahepatic or metastatic tumor recurrence, and death.
Study Design
This study involved a retrospective review of both electronic medical records and microscopic evaluation of every case. In patients with preoperative imaging, the extent of disease was measured using computed tomography, magnetic resonance imaging, or ultrasound. Radiographic staging was determined by the last imaging study performed before liver transplant. In cases where ablation zones from bridging therapy-either transarterial chemoembolization or radio frequency ablation performed before transplantationmade determination of tumor size uncertain, the imaging study immediately before therapy was used. Tumor measurements from gross evaluation of the explant were obtained from the pathology report. Where indicated in reports, only measurements of viable tumor were used.
The primary outcome measured in this study was tumor recurrence, which included either intrahepatic tumor recurrence or metastatic spread of HCC following transplantation. All available slides and formalin-fixed paraffinembedded tissue blocks from each case were gathered and reviewed. Hematoxylin and eosin (H&E), reticulin, and cytokeratin 19 (CK19) immunohistochemical stains were (prediluted clone RCK108; Dako/Agilent, Santa Clara, CA) were performed on the section of tumor with the most atypical cytoarchitectural features for each case.
The aim of this study was to correlate histologic characteristics with HCC recurrence and develop a clinically relevant scoring system. The following histologic parameters were evaluated in 109 explants: architectural pattern, nuclear-to-cytoplasmic ratio, nuclear pleomorphism, cytoplasmic amphophilia, presence of fatty change, macronucleoli, mitotic activity, cytoplasmic granularity, and CK19 labeling. After the initial evaluation, in which Recurrence Risk Assessment Score (RRAS) criteria were established, an additional 81 explants were evaluated; the performance of the RRAS in predicting tumor recurrence was compared with WHO grade in both the independent cohort and the cumulative total of 190 explants.
At our institution, a five-tiered grading system for HCC is used, which is derived from the WHO methodology. The WHO describes four histologic grades: well differentiated, moderately differentiated, poorly differentiated, and undifferentiated. At our institution, both poorly differentiated and undifferentiated patterns (using WHO definitions) are categorized as poorly differentiated. In addition, our system includes the following hybrid categories: well-to-moderately differentiated and moderately-to-poorly differentiated. As the WHO does not recognize these hybrid categories, our tumor classification was converted to the standard WHO grading system based on the worst histology present. Cases were evaluated independently and blinded to outcome by two pathologists: a subspecialty hepatobiliary pathologist (R.M.G.) and hepatobiliary pathology fellow (D.E.R.). A subset of 20 challenging cases, selected based on the severity of grading discrepancy, were additionally evaluated by a second subspecialty hepatobiliary pathologist (S.K.), and the degree of inter-rater agreement was assessed.
Radiographic transplant eligibility was established by either Milan or UCSF criteria. Milan criteria assignment required that the patient have either (1) a solitary tumor measuring 5 cm or less, or (2) no more than three tumors, each measuring 3 cm or less. Assignment to UCSF criteria required either (1) a solitary tumor measuring 6.5 cm or less, or (2) no more than three tumors, with the largest measuring 4.5 cm or less and the total tumor diameter measuring 8 cm or less.
Histologic Characteristics Tumor Architecture
Architectural growth patterns were differentially associated with tumor recurrence (P = 0.0139; Supplementary (Figs. 1A, B ). An acinar growth pattern describes gland-like structures within the tumor (Fig. 1C) , typically formed by a monolayer of tumor cells and often admixed with trabecular architecture elsewhere. Neither trabecular nor acinar growth were significantly associated with tumor recurrence. However, two architectural patterns were associated with recurrence after transplantation: (1) scirrhous growth, which is characterized by the presence of marked and thick fibrous bands along intratumoral sinusoidal spaces, separating the tumor into small-to-medium size islands within a background of dense fibrosis (Fig. 1D) , and (2) solid growth, which denotes a pattern in which sinusoidal spaces are inconspicuous (Figs. 1E, F) . We found that distinguishing solid architecture from certain trabecular growth patterns on hematoxylin and eosin stain alone was not always possible. In unclear cases, a reticulin stain was used to help distinguish these patterns. Tumors with trabecular architecture show a disrupted-butrecognizable reticulin framework (Fig. 1B) , especially along sinusoidal spaces, and we categorized a tumor as having solid architectural growth only if near complete loss of reticulin staining was observed in at least two 20× microscopic fields (0.95 mm 2 , Fig. 1F ).
Nuclear Pleomorphism
A spectrum of nuclear atypia is found in HCC, which ranges from largely uniform nuclei, nearly indistinguishable from those of background hepatocytes, to markedly pleomorphic nuclei. The presence of nuclear pleomorphism was associated with tumor recurrence (P = 0.0010; Supplementary Table 1, Supplemental Digital Content 1, http://links.lww.com/PAS/A601). We graded pleomorphism based primarily on the relative size variance between neighboring cell nuclei. Tumors without significant pleomorphism are permitted to show up to a 2× size variation in nearby cells (Figs. 2A, B). Some nuclear contour irregularity and wrinkling is acceptable, and variation in chromatin density is permitted. Tumors in which nuclear size variation exceeds 2× are classified as having significant pleomorphism. While some show obvious and diffuse pleomorphism (Figs. 2C, D), other cases with atypia are focal and, at times, more subtle (Figs. 2E, F). We considered a tumor to harbor nuclear pleomorphism if a cell with nuclear diameter more than twice that of its immediate neighbors was present in at least 2 distinct foci within a single 20× field (0.95 mm 2 ).
Nuclear-to-Cytoplasmic Ratio
Nuclear-to-cytoplasmic ratio can be increased in HCC, sometimes imparting a striking appearance (Figs. 3A, B). Tumors in which multiple foci show a ratio of at least 50% are associated with a higher risk of recurrence (P = 0.0462; Supplementary Table 1, Supplemental Digital Content 1, http://links.lww.com/PAS/A601). To determine this ratio, we quantified the relative volume of tumor nuclei and tumor cytoplasm within an area equivalent to one 40× microscopic field (0.24 mm 2 ). We designated a tumor as having an increased nuclear-to-cytoplasmic ratio if the change was present in more than 50% of tumor cells in at least 2 separate 40× fields.
Cytoplasmic Staining Characteristics
The cytoplasm in HCC ranges from eosinophilic, similar to the eosinophilia of background hepatocytes, to markedly amphophilic (Figs. 3C, D). Staining characteristics of tumor cell cytoplasm were significantly associated with recurrence (P = 0.0009; Supplementary Table 1, Supplemental Digital Content 1, http://links.lww. com/PAS/A601). We classified a tumor as having amphophilic cytoplasm only if the finding was diffusely present in at least two contiguous 20× microscopic fields (1.9 mm 2 total area).
Statistical Analysis
All statistical analyses were performed using Medcalc Statistical Software, version 17.0.4 (MedCalc Software bvba, Osten, Belgium), and the cutoff for statistical significance was P-value ≤ 0.05 in all cases. Statistical differences between categorical variables were determined by χ 2 or Fisher exact tests. Multiple logistic regression was performed for multivariate analysis; variables were included in the regression if they had a P-value <0.1 on univariate analysis, and were introduced simultaneously into the model. Receiver operating characteristic (ROC) curves were calculated using logistic regression and evaluated to assess the accuracy, sensitivity, and specificity of histologic grading criteria. Inter-rater agreement was assessed by the weighted kappa statistic, using the methodology described in Fleiss et al. 19 
RESULTS
Tumor Characteristics
Radiologic and pathologic criteria for 190 explants are summarized in Table 1 . Of these, 184 had preoperative imaging reports. One hundred sixty-one cases (87.5%) met Milan criteria, 17 (9.2%) exceeded Milan criteria but met UCSF criteria, and 6 cases (3.3%) exceeded UCSF criteria. Gross examination of the liver revealed discrepant transplant criteria assignment in 31.5% of cases, in which 79.3% were understaged on radiographic evaluation and 20.7% were overstaged. HCC in explants showing concordant radiologic and pathologic staging recurred at a rate of 8.7%, while cases understaged by imaging showed significantly worse outcomes, recurring at a rate of 19.6% (P = 0.0498).
Overall, imaging tended to underestimate disease extent. In our dataset, preoperative imaging measured an aggregate tumor size of at least 6 cm in only 6% of patients. However, gross examination increased this value to 25%. Although measuring the size of the largest mass and the aggregate size of all masses was not predictive of outcome on radiographic examination, both were significantly associated with recurrence once the explant was examined grossly (P = 0.0008 and 0.0408, respectively).
The rate of HCC recurrence was 10.7% in cases that met either Milan or UCSF imaging criteria. Stratifying these cases by tumor differentiation using WHO methodology showed a significant association with recurrence in a stepwise manner (P = 0.0082): well-differentiated tumors recurred at a low rate (3%), while moderately differentiated tumors recurred in higher proportion (15%), and poorly differentiated tumors recurred included the architectural pattern ( Fig. 1) , presence or absence of nuclear pleomorphism ( Fig. 2) , nuclear-tocytoplasmic ratio (Figs. 3A, B) , degree of cytoplasmic amphophilia (Figs. 3C, D) , presence of macronucleoli, fatty change, mitotic rate, cytoplasmic granularity, and immunohistochemical labeling of tumor cells by CK19.
Recurrence Risk Assessment Score
The presence of solid or scirrhous architectural patterns, high nuclear-to-cytoplasmic ratio, nuclear pleomorphism, cytoplasmic amphophilia, and high mitotic activity were significantly associated with tumor recurrence in univariate analysis (Supplementary Table 1 , Supplemental Digital Content 1, http://links.lww.com/PAS/A601). The presence of fatty change, macronucleoli, granular cytoplasm, and positive immunohistochemical labeling for CK19 showed no significant association with recurrence.
Multiple logistic regression (Table 2 ) demonstrated strong correlation between tumor recurrence and nuclear pleomorphism, cytoplasmic amphophilia, solid and scirrhous architecture, and high nuclear-to-cytoplasmic ratio; however, mitotic activity showed only weak correlation and was excluded from our scoring system. The presence of both nuclear pleomorphism and vascular invasion were identified as independent predictors of HCC recurrence following transplantation (Supplementary Table 2 , Supplemental Digital Content 3, http://links.lww.com/PAS/A603).
From these data, we developed a point-based risk stratification system, termed the RRAS, which assigns one point to each of four histologic features-tumor architecture, nuclear-to-cytoplasmic ratio, nuclear pleomorphism, and cytoplasmic amphophilia-yielding a composite score that can be evaluated to stratify the risk of tumor recurrence following liver transplantation (Table 3) . We considered tumors containing all four histologic features to be high risk (RRAS of 4), the absence of all features to be low risk (RRAS of 0), and classified tumors in between as intermediate risk (RRAS of 1 to 3). Histologic characteristics were assessed across the entire tumor, and the reported RRAS category was based on the highest scoring discrete area. Even if the predominant FIGURE 3. Nuclear-to-cytoplasmic ratio is measured as either <50% (A) or ≥ 50% (B) (H&E). Cytoplasmic staining lies on a spectrum ranging from eosinophilic (C) to amphophilic (D) (H&E). Background hepatocytes can often act as a reference for the degree of eosinophilia within HCC.
pattern was low risk, the reported score reflected the area of tumor containing the most histologic features associated with recurrent disease. All areas were evaluated independently, and features were not combined across discrete foci. For example, if one focus contained nuclear pleomorphism without other adverse features (RRAS of 1), and a separate area contained all adverse features except nuclear pleomorphism (RRAS of 3), the reported category would be intermediate risk even 
Point-based Scoring Better Predicts Tumor Recurrence
To evaluate performance of the RRAS system, we examined 81 additional explants and correlated our scoring methodology with recurrence status in this independent cohort, as well as in combination with the original 109 cases used to establish the RRAS.
When evaluating the most difficult cases in our study, WHO guidelines yielded only slight agreement between graders, while categorization using the RRAS criteria permitted moderate agreement within that same subset (Supplementary Fig. 2 , Supplemental Digital Content 4, http:// links.lww.com/PAS/A604). Tumors stratified by RRAS methodology do not merely recapitulate WHO categories, but instead include a mixture of differentiation grades. Of the 13 cases categorized as high risk, 3 showed poor differentiation, 8 were moderately differentiated, and 2 were well differentiated. One hundred seventeen cases were classified as intermediate risk, and these included 9 poorly differentiated, 74 moderately differentiated, and 34 welldifferentiated tumors. Of the 60 low risk cases, 2 showed poor differentiation, 20 were moderately differentiated, and 38 were well differentiated.
A comparison of WHO and RRAS methodology found that a considerably higher proportion of patients who developed recurrent HCC were identified by high risk RRAS categorization (54%) compared with poor differentiation (29%) using WHO methodology (Table 4 ). In addition, a smaller proportion of recurrent HCC was identified among tumors categorized as low and intermediate risk by RRAS criteria, compared with well differentiated or moderately differentiated using WHO methods. Follow-up time was similar between these two groups. Of note, while we did not find an association between preoperative treatment status and either RRAS category or WHO grade, both systems were evaluated away from regions with obvious treatment effect wherever possible.
ROC analysis showed that WHO methodology has relatively low performance in predicting HCC recurrence (Fig. 4 , area under curve = 0.617), whereas evaluating the same set of tumors using RRAS criteria yields significantly improved predictive performance (area under curve = 0.841; 
). An analysis of 81 additional cases, which were not part of the initial cohort of explants used to establish the RRAS criteria, showed similar results ( Supplementary  Fig. 3 , Supplemental Digital Content 5, http://links.lww. com/PAS/A605). Vascular invasion (both small and large vessel) is a well-established predictor of HCC recurrence and is routinely reported on resection specimens. However, the presence of small vessel invasion cannot be reliably excluded on biopsy due to limited sampling. In contrast, the cytologic and architectural components of the RRAS may be evaluated on either biopsy or resection specimens, and ROC curve analysis demonstrates that our point-based criteria better predicts tumor recurrence compared with vascular invasion alone ( Supplementary Fig. 4 , Supplemental Digital Content 6, http://links.lww.com/PAS/A606; P = 0.017). In practice, we would advocate reporting both RRAS and vascular involvement on resection specimens for optimal prediction of recurrence risk. For instance, small vessel invasion was seen in 17 of 117 (14.5%) cases categorized as intermediate risk by RRAS criteria, and 7 of these cases (41.2%) had tumor recurrence. Of the 14 patients with intermediate-risk HCC who had posttransplant recurrence, vascular invasion was present in half. Intermediate-risk HCC with vascular invasion may therefore represent a higher risk subgroup that warrants additional clinical scrutiny following transplantation.
DISCUSSION
The most commonly used method to determine eligibility for liver transplant is based on radiographic measurement of tumor extent, an approach that has remained largely unchanged over the past two decades. In the seminal paper by Mazzaferro et al, 1 the rate of tumor recurrence in 48 patients meeting Milan criteria was 8.3%, and the expanded UCSF criteria proposed by Yao et al 5 yielded a recurrence rate of 11.4% among 70 patients. These values are similar to what our institution has observed over the course of two decades.
However, it is well-established that, in a significant proportion of cases, radiographic tumor measurements differ from those found during pathologic examination to an extent that would modify the patient's transplant eligibility. 1, 5, 10, 12, 13, 20 In our dataset, discrepancies between radiographic and gross measurements were sufficient to alter transplant criteria eligibility in 31.5% of cases. While radiographic measurement occasionally overestimated disease burden, the vast majority of discordant cases had been understaged by preoperative imaging and demonstrated a significantly higher recurrence rate compared with cases without measurement discrepancy. Complete reliance on radiographic tumor characteristics to determine transplant eligibility may therefore yield an unreliable prediction of a patient's recurrence risk.
If the gross measurement of tumor size and number on explanted livers is considered the gold standard for assignment to Milan or UCSF criteria, then no improvement to imaging techniques will allow preoperative evaluation to exceed the accuracy of gross tumor measurements. The RRAS yielded a better prediction of tumor recurrence when compared with both radiographic and gross assignment to Milan or UCSF criteria ( Supplementary Fig. 5 , Supplemental Digital Content 7, http://links.lww.com/PAS/ A607), and therefore better predicted recurrence than the actual and theoretical limit of imaging-based tumor measurements in this population.
Multiple recent studies have identified tumor histology as a powerful prognostic indicator following transplantation, [21] [22] [23] [24] [25] and some medical centers have modified their liver transplant inclusion criteria to incorporate these findings. The University of Toronto, for instance, has reportedly performed a liver biopsy on the dominant lesion of patients who exceed the Milan criteria by imaging; within this subset, only patients with poorly differentiated HCC were considered ineligible, and tumors without poor differentiation on biopsy proceeded to transplant regardless of tumor size or number. 4 Zhejiang University in Hangzhou, China has reportedly offered transplantation if preoperative biopsy confirmed the absence of poor differentiation and AFP levels were ≤ 400 ng/mL, no matter the aggregate tumor size on imaging. 3 WHO methods are among the most widely used guidelines in classifying HCC, but these do not delineate precise histologic criteria to define degree of differentiation. Instead, the WHO describes a collection of architectural and cytologic features that typify tumors of a certain grade, relying on the pathologist to incorporate many observations into their diagnostic impression. This results in subjective weighting of individual characteristics and a low level of agreement between pathologists. 18 The RRAS, in contrast, assigns a specific weight to distinct features, which allowed for moderate agreement even in cases for which the WHO grading method yielded only slight agreement among graders.
In our data, two cases graded as well differentiated were categorized as high risk, and two cases graded as poorly differentiated were categorized as low risk. Both cases designated as well differentiated had small foci containing the high-risk features identified in this study, although the majority of the tumor lacked high-risk histology (Supplementary Figs. 6A, 6B, Supplemental Digital Content 8, http://links.lww.com/PAS/A608). While the WHO does not indicate how intratumoral heterogeneity should be reported, our scoring system indicates that the RRAS is determined by the area of tumor with the most adverse histologic features. Two additional cases were categorized as low risk using RRAS criteria, but graded as poorly differentiated by WHO guidelines based largely on architectural and nuclear features not associated with HCC recurrence in our analysis. Both tumors contained large macronucleoli, varied chromatin density, acinar formation, and slightly irregular nuclear contours, but no significant nuclear size variance was present ( Supplementary Figs. 6C, 6D , Supplemental Digital Content 8, http://links.lww.com/PAS/A608).
While some tumors arising in different organ systems are graded by histologic scoring criteria derived through studies that correlated specific features with survival or metastatic spread, 26, 27 no commonly used HCC classification system has been developed using similar methods. HCC metastasizes less frequently than other cancers 28 and since the majority of HCC arises in a background of longstanding cirrhosis, mortality in patients with unresected HCC has historically been more closely linked to liver failure than with disseminated tumor burden. However, with the increased use of liver transplantation as a treatment option for HCC, a more precise method of stratifying posttransplant recurrence risk is needed.
Many recent studies have evaluated the impact of HCC "stem cell" derivation on tumor behavior. [29] [30] [31] [32] [33] [34] In addition to morphologic features, we assessed the significance of CK19 immunohistochemical staining. CK19 is a marker of hepatic progenitor cells, which is downregulated during differentiation into hepatocytes, but maintained in mature cholangiocytes. HCC with retained CK19 expression may have originated from hepatic progenitor cells rather than the mature hepatocyte, and multiple studies have identified its expression as predictive of tumor recurrence. 30, 34 However, in our analysis, CK19 was only expressed in 1.8% of tumors (Supplementary Table 1 , Supplemental Digital Content 1, http://links.lww.com/PAS/ A601) and did not show a significant association with tumor recurrence. Given the limited impact of CK19 expression in our dataset, we did not include CK19 status as part of the RRAS criteria. However, the prognostic value of hepatic "stemness" remains an area of active research; immunophenotypic and molecular evaluation may ultimately represent additional methods of risk stratification.
There is limited data comparing the concordance of tumor grade assigned on preoperative biopsy and the subsequent resection specimen. Colecchia et al 35 evaluated 81 patients and found that the histologic grade on core biopsy (using Edmonson-Steiner criteria) concurred with the grade on resection in 91.4% of cases. The authors noted that concordance between histologic grade is high in smaller nodules, but decreases considerably in tumors larger than 6.5 cm. As HCC is a heterogenous cancer, this observation is expected. Larger tumors are known to harbor increased tumor heterogeneity and are more likely to contain areas of poor differentiation. 36 However, this diagnostic limitation can be overcome with increased sampling on biopsy. 37 As the RRAS criteria rely on architectural and cytologic features, the RRAS score could be used to evaluate both biopsy and resection specimens. If HCC were sampled before transplant, histologic evaluation may allow for improved stratification of a patient's recurrence risk. In addition, tissue diagnosis in this setting would permit ongoing refinement of HCC imaging criteria as well as provide tumor samples for molecular testing and further study. 11 More than 8000 patients annually now receive liver transplants in the United States (as reported by the Organ Procurement and Transplantation Network, February 2018), and this number has shown a steady increase. Despite adherence to radiographic criteria, HCC still recurs in 10% to 20% of patients following liver transplant, [38] [39] [40] and tumor recurrence has become the most common cause of death among patients transplanted for HCC. 40, 41 More accurate quantification of a patient's recurrence risk can help guide HCC surveillance strategies after transplant. Those with low-risk tumors would likely not benefit from posttransplant surveillance, given that no recurrences were observed in the 60 cases within our cohort over a median follow-up time of 7.9 years. Conversely, patients with intermediate-risk tumors should undergo posttransplant surveillance, and those with high-risk tumors may justify a longer surveillance period with shorter intervals between imaging. In addition, RRAS categorization could impact the choice of posttransplant immunosuppression. Although more study is needed, mammalian target of rapamycin-based immunosuppression could be useful for patients with highrisk tumors, as this therapy may have antineoplastic properties. 42, 43 High-risk patients may also benefit from clinical trial enrollment for adjuvant therapies given shortly after transplant to reduce recurrence risk. More broadly, stratification of tumors by recurrence risk may also prove useful in refining mandatory waiting periods for transplantation, though further study will be needed.
Our results demonstrate that histologic evaluation of HCC better predicts recurrence risk compared with the radiographic measurement of tumor size and number. By recognizing specific features associated with recurrence after transplant, we developed a histologic scoring system that better stratifies recurrence risk in HCC compared with tumor grade assigned using the WHO method.
